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High-quality epitaxial ZnCo0 07O films deposited at room temperature were obtained by using reactive ion beam sputtering. Room-
temperature ferromagnetic behavior of ZnCoO was observed with a coercivity of 70 Oe. We observed the loop shift at 5 K in the field-
cooled samples of ZnCoO/Cu/IrMn and an enhanced coercivity in the zero-field-cooled samples, which indicated the existence of ex-
change coupling between ZnCoO and IrMn through a thin Cu layer (0.15 nm). Furthermore, the exchange field of ZnCoO was increased
from 55 to 113 Oe by increasing the cooling field from 3 to 15 kOe.
Index Terms—Dilute magnetic semiconductor (DMS), exchange bias, IrMn, ZnCoO.
I. INTRODUCTION
D ILUTE magnetic semiconductors (DMSs), which can ma-nipulate both the spin and charge degrees of freedom, have
attracted attentions in recent years. According to theoretical cal-
culations [1], doped-ZnO is one of the candidates for high Curie-
temperature DMSs. In order to integrate DMSs into devices, an
exchange biasing scheme is quite important. The exchange cou-
pling between a DMS (Ga Mn As) and an antiferromagnet
(MnO) has been reported [2]. However, the Néel temperature
of the MnO is 118 K, which is far below the room tempera-
ture. Therefore, we used the high Néel temperature material
Ir Mn ( 690 K) in this study as an antiferromagnetic
(AFM) layer. An exchange bias behavior between ZnCo O
DMS with Curie temperature higher than room temperature and
IrMn was investigated.
II. EXPERIMENT
The Cu 40 nm/ZnCoO 40 nm structure was grown on Si(001)
substrates at room temperature by using an ion beam deposition
(IBD) system. The base pressure was Torr. A com-
posite target composed of a Zn target and Co chips was used for
ZnCoO deposition. During the ZnCoO deposition, Ar and O
were simultaneously introduced. The flow rate of Ar and O of
was 6 sccm and 2.6 sccm, respectively. The working pressure
was maintained at Torr. To study exchange bias, sam-
ples of Cu/ZnCoO 40 nm/Cu 0.15 nm/IrMn 10 nm/Cu (capping)
were fabricated. Magnetic properties were measured by using
a superconducting quantum interference device (SQUID). Film
structures and the epitaxial relationships were characterized by
using an X-ray diffractometer (XRD). The valence state of Co
was identified by X-ray photoelectron spectroscopy (XPS). Co
concentration of ZnCoO film was determined by inductively
coupled plasma-mass spectrometry (ICP-MS).
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Fig. 1. XRD spectra of the Si/Cu/ZnCoO/IrMn/Cu and Si/Cu/ZnCoO/
Cu/IrMn/Cu. The inset is the magnified XRD spectrum of the
Si/Cu/ZnCoO/Cu/IrMn/Cu.
III. RESULTS AND DISSCUSSION
The composition of films is ZnCo O. The XRD patterns,
as shown in Fig. 1, indicated a good out-of-plane (0002) texture
of ZnCoO films on (002) Cu underlayers, and no second phases
were observed. The -axis lattice parameter of ZnCoO was
0.522 nm determined by XRD scans. Compared to
the pure ZnO ( nm), the increase in -axis lattice
parameter was attributed to the existence of the Co ion [3].
The Cu (001) epitaxial films were reported to grow epitaxially
on hydrogen terminated (1 1) Si (001) reconstructed surface
by metal–metal-epitaxy-on-silicon (MMES) method [4]. The
epitaxial relationship between Cu and Si was found to be Si
(001)//Cu (001) and Si [110]//Cu [010]. To investigate the
in-plane orientations and the epitaxial relationships between
Cu and ZnCoO layers, asymmetric in-plane -scans were per-
formed. Four peaks of the Cu underlayer confirmed that
the Cu layer was a (001) epitaxial film. The 12 peaks
of the ZnCoO film indicated an unusual in-plane twelvefold
symmetry and epitaxial growth. An unusual twelvefold sym-
metry may result from the presence of two kinds of epitaxial
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Fig. 2. XPS spectrum of the ZnCo O.
grains, as reported in [5]. Since the working pressure of IBD
was Torr, this low working pressure reduced the number
of collisions between sputtered atoms and gas ions. In addition,
the beam voltage of the IBD system can be independently
controlled regardless of working pressure and can be raised to
1500 V. Consequently, the IBD system can provide relatively
high incident energy of sputtered atoms compared to other
deposition methods. The high incident ion energy as well as
reactive sputtering provided complete reactions between sput-
tered ions and oxygen, which effectively reduced the formation
temperature of ZnCoO to room temperature [6]. In addition, the
structural template provided by the (001) Cu underlayer helped
the sputtered ions to move into the lattice sites of ZnCoO at
room temperature.
Although the structure of ZnCoO was well characterized, it
was quite challenging to only use XRD patterns to conclusively
exclude the existence of metallic Co in the film. To rule out the
existence of Co clusters, the valence state of Co in ZnCo O
was identified by using XPS with a synchrotron radiation beam.
Sample surface was cleaned by cycles of Ar ion sputtering at
1 kV. Cleanliness of the sample surface was confirmed by the
absence of a C 1s contamination. The Co core-level XPS
spectrum of ZnCo O was shown in Fig. 2. The spectrum of
ZnCo O reveals only peak of the Co state locating
at 781 eV and no metallic Co peak at 778 eV. In addition, no
metallic Co clusters can be observed in TEM images. If the
room temperature magnetization is contributed from the pres-
ence of the metallic Co clusters, the minima cluster size should
be larger than 10 nm [7], and it should be visible in transmission
electron microscope (TEM) images. Only a single phase without
clusters was observed in TEM images, which may excluded the
possibility that ferromagnetism originated from magnetic clus-
ters. Room-temperature hysteresis loops showed coercivity of
70 Oe. Based on XPS, TEM, and SQUID results, we could con-
clude that room-temperature DMS ZnCoO was obtained by IBD
deposited at room temperature.
To investigate the exchange bias of the ZnCoO system, we
first directly deposited a 10-nm IrMn layer on ZnCo O
Fig. 3. Hysteresis loops measured at 5 K of Si/Cu/ZnCoO/Cu and
Si/Cu/ZnCoO/Cu/IrMn/Cu with a zero-field-cooling process.
without applying a magnetic field during deposition. However,
after field cooling treatment, the exchange bias field of sample
was less than 5 Oe, measured at 5 K. The intensity of (111)
IrMn was quite weak, shown in Fig. 1, which might result
from the interfacial reaction or intermixing between IrMn and
residual oxygen on the ZnCoO surface, leading to relatively
small exchange fields. To suppress the interfacial reaction, we
inserted a thin Cu layer of 0.15 nm and observed significantly
improved (111) texture of IrMn, as shown in the inset of
Fig. 1. Although a thin nonmagnetic layer exists, an exchange
coupling can still be observed between ferromagnetic and
antiferromagnetic layers [8].
The hysteresis loops were measured at 5 K, and the sam-
ples were cooled down from room temperature through
two different processes: zero-field cooling (ZFC) or field
cooling (FC). No loop shift was observed for ZFC samples
of Cu/ZnCoO/Cu/IrMn, but the coercivity was significantly
increased to 370 Oe, compared to samples without the IrMn
layer ( 155 Oe), as shown in Fig. 3.
The enhanced coercivity manifested the existence of
exchange bias coupling in this system; however, the sym-
metric M-H loop revealed that the unidirectional anisotropy
had not yet been defined through ZFC process. Samples of
Cu/ZnCoO/Cu/IrMn/Cu cooled in a field of 3000 Oe (FC)
showed coercivity and an exchange field of 320 and 55 Oe,
respectively, as shown in Fig. 4. Compared to the sample with
ZFC process, the decrease in coercivity was attributed to the
existence of unidirectional anisotropy and hence reduction of
the uniaxial anisotropy [9]. In addition, Fig. 4 also showed that
loop-shift direction was opposite to the cooling field direction,
indicating that the direction of the exchange bias field was
determined by the cooling-field direction.
Since we would like to prevent the interdiffusion between
IrMn and ZnCoO, we did the field cooling from RT instead of
the temperature higher than the Néel temperature of IrMn. In
fact, in previous studies [10], although the FC temperature was
below the Néel temperature of AFM, exchange bias could be
still established through field cooling process. In our sample, we
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Fig. 4. Hysteresis loops measured at 5 K of FC samples of
Si/Cu/ZnCoO/Cu/IrMn/Cu with a cooling field of +3000 or  3000 Oe.
Fig. 5. Hysteresis loops measured at 5 K of FC samples of
Si/Cu/ZnCoO/Cu/IrMn/Cu with a cooling field of  3 or  15 kOe.
believe that the unidirectional anisotropy was set by FC process
which realigns the uncompensated spins at interface.
To verify the origin of the exchange bias, we did field cooling
on the sample without an IrMn layer to exclude the possibility
that exchange bias may result from the presence of the second
phase in the ZnCoO, for example, CoO clusters. The sample
without the IrMn layer was also field-cooled in 3 kOe. The sym-
metric hysteresis loop with no loop shift indicated that the ex-
change bias behavior indeed originated from the coupling be-
tween IrMn and ZnCoO.
Fig. 5 shows the effects of the cooling field on the exchange
bias. When the cooling field is 15 kOe, the coercivity and
exchange field was 370 and 113 Oe, respectively. Exchange
fields increased with increasing cooling fields. We believe that
increased cooling fields not only aligned the ZnCoO moments
but also might align the interfacial spins, which resulted in the
enhancement of the unidirectional anisotropy. The relatively
low field-cooling temperature compared with the high of
an AFM layer in our samples might need a higher cooling field
to completely set the unidirectional anisotropy; therefore, the
exchange fields increased with increasing cooling fields.
IV. CONCLUSION
The high-quality epitaxial ZnCo O films deposited at
room temperature were obtained by using reactive ion beam
sputtering. Room-temperature ferromagnetic behavior was
observed with coercivity of 70 Oe.
In addition, we observed a loop shift of 55 Oe in the FC
( 3 kOe) samples of ZnCoO/Cu/IrMn at 5 K. In the
ZFC samples, the coercivity was significantly increased to 370
Oe, compared to samples without the IrMn layer ( 155
Oe). It indicated the existence of the exchange coupling be-
tween ZnCoO and IrMn through a thin Cu layer. Furthermore,
the direction of the exchange bias field was determined by the
cooling-field direction, and the strength of the exchange bias in-
creased with the cooling field.
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